
ABSTRACT
Study Design: Repeated measures 

Background: Both clinicians and researchers often utilize treadmills to analyze spatiotemporal and bio-
mechanical factors during running. However, there is question of whether or not treadmill running mimics 
overground running. The development of new wearable technology, such as pressure sensor insoles, pres-
ents an opportunity to compare the two running conditions.

Purpose: To compare the spatiotemporal factors between overground and treadmill running in collegiate 
runners, using pressure sensor insoles.

Methods: Twenty-one collegiate runners (age 20.1 ± 1.5 years, 81% female) were recruited from a Division 
I Cross Country team. Subjects participated in two 15-minute testing sessions. During the first session, 
subjects ran at their “easy run pace” for 200 meters, while wearing pressure sensor insoles. During the 
second session, subjects ran at a speed-matched pace on a treadmill for one minute at a level grade, and 
one minute at a 1% incline. Cadence, stance duration and swing duration were processed using Moticon 
Science Pro+ software (Munich, DE). Data between overground and treadmill running was compared 
using repeated measures analysis of variance with α= 0.05.

Results: Compared to overground running, level and incline treadmill running was associated with 
increased cadence (mean difference [MD]=3.55-3.22 strides per minute; p< 0.01), decreased stance dura-
tion (MD=14-16 ms; p< 0.01), and decreased swing duration (MD=11-12 ms; p< 0.05).

Conclusion: In collegiate runners, overground and treadmill running differ in spatiotemporal comparisons. 

Levels of Evidence: 3
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INTRODUCTION
Overuse injuries are unfortunately common in 
runners. The overall incidence of running-related 
injuries (RRI) ranges from 7.7 to 17.8 per 1000 expo-
sure hours.1 Many extrinsic risk factors have been 
hypothesized to contribute to RRIs, such as training 
error, running surface, and running mode.2-4 Intrin-
sic risk factors such as genetics, biomechanical and 
spatiotemporal running variables have also been 
investigated.2,5,6 

Spatiotemporal factors of running include stride 
length, speed, cadence, stance duration and swing 
duration. A complete stride cycle typically consists 
of 30-35% stance phase and 65-70% swing phase.7 
Stance duration, also known as ground contact time, 
is inversely proportional to running speed, while 
swing duration is directly proportional to speed.7 
Cadence, defined as number of strides per minute, 
can affect running mechanics, such as stride length,8 
tibial acceleration,9 and foot inclination angles,9 
thus altering braking forces and overall stresses to 
the lower extremity.10,11 These changes are thought 
to affect the distribution of forces in the foot, knee, 
and hip, which can have implications for therapeu-
tic settings.5,12 

Treadmills serve as a useful tool for both clinicians 
and researchers. Clinicians can utilize treadmills for 
gait analysis and gait retraining. Due to advance-
ments in video technology, clinicians can analyze 
various 2D kinematic and spatiotemporal data dur-
ing treadmill running.13 Additionally, treadmills 
are a common platform for gait retraining, such as 
cadence training9,11,14 and various motor learning 
strategies.15-17 Researchers also utilize instrumented 
treadmills for running analysis.18 However, there is 
question of whether or not treadmill running resem-
bles overground running. Several authors have found 
both similarities and differences in biomechanical 
and spatiotemporal factors between the two running 
conditions.12,18-21 Yet, several limitations confound 
the comparison of overground versus treadmill run-
ning, as described below.

Investigators have faced challenges in consistently 
measuring natural running form during overground 
running. For example, Riley et al19 and Cronin et 
al21 implemented short, 15-meter runways, which 

reduced the likelihood that participants ran with nat-
ural, “steady state” technique. Researchers have also 
reported variability in intra- and inter-trial running 
speeds, and when matching running speeds between 
overground and treadmill running.19-22 Furthermore, 
there is risk of a “targeting effect,” in which subjects 
alter their technique to aim for the force plates.23 
Due to these limitations, more research is needed 
to validate the previous claims comparing these 
running conditions. Finally, there is some specula-
tion that treadmill running with approximately 1% 
incline mimics overground running better than level 
treadmill running, but the authors are not aware of 
any studies that support this claim.

Wearable technologies such as plantar pressure 
sensor insoles, present a novel, unique method to 
compare natural running patterns in unrestricted 
environments with treadmill-based assessments.24 
The Moticon wireless pressure sensor insoles (Moti-
con Science, Munich, DE, Figure 1) have been devel-
oped with a minimalistic design to allow subjects 
to move without constraints in a natural environ-
ment. Measurement reliability and validity for these 
insoles have been previously reported for walking 
and running gait. 25,26 Temporal parameters of walk-
ing gait using these devices have excellent concur-
rent validity against the instrumented treadmill for 
cadence (95% limits of agreement [LoA] = -1.39 to 
1.39 steps/min), right stance duration (LoA = -35 to 
17 ms), and left stance duration (LoA = -33 to 18ms), 

Figure 1. Moticon pressure sensor insoles.
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as well as excellent test-retest reliability (ICC = 0.91-
0.93).25 Additionally, stance duration during walking 
and running gait has been validated against AMTI 
force plates (r = 0.86-0.94, LoA = 3 to 12%) and Ped-
arX sensor insoles (r = 0.65-0.94, LoA = 4 to 12%).26 

Pressure sensor insoles may address some of the chal-
lenges that treadmill running creates for researchers 
and clinicians. While some sensor insoles have been 
shown to be valid and reliable, few research studies 
have utilized these novel devices to compare biome-
chanical and spatiotemporal factors between over-
ground and treadmill running. This research aims 
to compare the spatiotemporal factors between over-
ground and treadmill running in collegiate runners, 
using pressure sensor insoles.

METHODS

Design
The cohort study utilized a repeated measures 
design to compare spatiotemporal properties of 
running overground, on treadmill, and treadmill at 
1% incline. The study was approved by the Institu-
tional Review Board (IRB) at the University of South 
Dakota (USD). All subjects signed an IRB-approved 
informed consent form prior to participation.

Subjects
Subjects were recruited from the USD Division I 
Men’s and Women’s Cross-Country team. Exclusion 
criteria included inability to run due to injury or ill-
ness at the time of data collection.

Instruments
The Moticon wireless plantar pressure sensor insoles 
contain 13 capacitive pressure sensors that cover 
52% of the insole area and create minimal disruption 
to the foot-shoe interface.25 Data were recorded at a 
sampling frequency of 50 Hz. Five pairs of insoles 
were used, ranging from US men’s sizes 5.5-11.5.

Data Collection
Subjects underwent two, 15-minute testing sessions, 
each two days apart. Subjects were instructed to wear 
the same pair of their personal running shoes during 
both sessions to ensure consistency of measurement. 
During the first testing session, subjects participated 
in a 5-minute dynamic warm-up routine, consisting 

of a 200-meter jog, A-skips, B-skips, high knees, and 
butt kickers. Size-matched sensor insoles were placed 
in the subjects’ shoes, replacing any sock liner or 
foot orthosis, in order to record spatiotemporal data. 
Subjects were instructed to run one lap around a 
200-meter indoor track at the pace they would run 
on long-distance runs, termed “easy run pace.” Dur-
ing the middle, straightaway portion of the run, a 
50-meter time was recorded using a laser timing sys-
tem (PowerMax Speed Timer, USA) and converted 
into a treadmill running speed (miles per hour) using 
the equation [ 50

2 237
time(seconds)

* . ]. Subjects then com-
pleted a post-test questionnaire that included per-
ceived impact of the sensor insoles (Figure 2).

During the second testing session, subjects under-
went a similar, standardized warm-up. After this, 
subjects walked on a treadmill (Woodway Pro, 
Waukesha, WI, USA) at 3.0 mph for one minute in 
order to acclimate to the treadmill. Next, they ran 
for one minute at their matched, “easy run pace,” 
according to the speed conversion from the first 
testing session. Finally, the treadmill incline was 
increased to a 1% grade, and subjects ran for another 
minute at the same speed. Following testing, they 
completed a second post-test questionnaire.

All gait-related data were processed using Moticon 
Science Pro+ software (Moticon, Munich, DE). 
The Gait Report Function synthesized running 
data for the three running conditions: overground 
(track), treadmill at 0% incline, and treadmill at 1% 
incline. This function calculates spatiotemporal (i.e. 
cadence, swing and stance time) and kinetic data 
(i.e. center of pressure progression, foot pressure 
distributions, rate and magnitude of force develop-
ment). In order to maintain consistency of data, a 
six-second clip was processed during the middle por-
tion of each run.

Figure 2. Post-test questionnaire items rating the subjects’ 
perceived comfort and impact of sensor insoles.
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Spatiotemporal descriptive statistics and ANOVA 
results are reported in Tables 3 & 4, respectively. 
Running overground, treadmill at 0%, and tread-
mill at 1% incline had statistically significant effects 
on cadence (F=47.0, p< 0.01), stance duration 
(F=17.2-18.8, p< 0.01), and swing duration (F=4.2-
6.7, p< 0.05). Figure 3 compares the mean cadence, 
stance and swing duration in each runner during the 
three running conditions. When compared to run-
ning overground, cadence increased by 3.55 strides 
per minute (p< 0.01) during 0% treadmill running 
and 3.22 strides per minute (p< 0.01) during 1% 
treadmill running. However, there was no statisti-
cally significant difference in cadence between 0% 
and 1% treadmill conditions. Subjects also had sig-
nificantly reduced stance duration on right and left 
limbs during 0% treadmill running (mean differ-
ence: R 15 ms; L 16 ms, p< 0.01) and 1% treadmill 
running conditions (mean difference: R 15 ms; L 14 
ms, p< 0.01). No statistically significant difference 

Data Analysis
Spatiotemporal data were analyzed using SPSS Statis-
tics 24.0 Software (IBM, NY, USA). The Shapiro-Wilk 
test was conducted to test for normality. Descriptive 
statistics of the perceived impact of insoles were 
obtained. A one-way repeated measures analysis of 
variance (ANOVA) with Bonferroni post-hoc analysis 
was conducted to evaluate the null hypothesis that 
there were no significant differences in spatiotem-
poral variables between the three running condi-
tions. Statistical significance was set at α= 0.05.

RESULTS
Data from twenty-one of 23 experienced, collegiate 
runners (age 20.1 ± 1.5 years, 81% female, 5.8 ± 
3.9 collegiate seasons) were analyzed for this study. 
One subject was excluded from analysis due to tech-
nical difficulties with data acquisition. Furthermore, 
the Shapiro-Wilk test revealed an abnormal sample 
distribution for the right swing phase of overground 
running (W=0.67, p< 0.01). Visual observation 
using the Q-Q plot and boxplot revealed one outlier 
due to a data processing error. After the outlier was 
removed from data analysis, all sample distributions 
fell within acceptable ranges. 

Descriptive statistics including gender, age, body 
mass index, running experience, injury, and foot-
wear, are provided in Table 1. Table 2 provides 
descriptive statistics of survey responses of patient-
perceived sensor insole impact on comfort and 
running technique. Subjects perceived minimal dis-
comfort while wearing the sensor insoles during the 
first (1.0 ± 0.7) and second (0.9 ± 0.8) testing ses-
sions. Running technique was minimally impacted 
during the first (0.7 ± 0.6) and second (0.7 ± 0.7) 
sessions. 

Table 1. Descriptive statistics (n=21).

Table 2. Survey responses to perceived impact of sensor insoles during 
running. Reported as mean rating, ±SD. 
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DISCUSSION
Compared to overground running, treadmill run-
ning was associated with significant changes in spa-
tiotemporal running factors, including increased 
cadence, decreased stance duration, and decreased 
swing duration. Riley et al19 found similar changes 
during treadmill running in 20 healthy, young 
subjects, such as increased cadence (mean differ-
ence=2.39 strides per minute, p< 0.01), decreased 
stride time, and decreased stride length. Compara-
tively, the cadence difference in this study (3.55-3.22 

in stance duration was identified between 0% and 
1% treadmill conditions. Significant reductions in 
right and left swing duration were observed during 
0% treadmill running (mean difference: R 11 ms; L 
12 ms, p< 0.05) and only left swing duration for 1% 
treadmill running (mean difference: L 11 ms, p< 
0.05). Right swing duration under the 1% condition 
showed a trend toward reduction, but the difference 
was not significant (p= 0.07). No significant differ-
ence in swing duration was found between the two 
treadmill conditions.

Table 3. Descriptive statistics of spatiotemporal values while running overground, 
treadmill at 0%, and treadmill at 1% incline. Reported as mean ± SD, except 
Stance:Swing, reported as a ratio.

Table 4. Mean differences in spatiotemporal parameters while running under 
three conditions: overground (OG), treadmill with 0% incline (TM0), and tread-
mill with 1% incline (TM1). Results are based on estimated marginal means from 
ANOVA.
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did not change, while Garcia-Perez et al27 found that 
in 27 healthy recreational runners, treadmill run-
ning cadence did not change but stance duration 
increased. Key differences in methodology may 
explain the contradicting results. For example, both 
Hong et al20 and Garcia-Perez et al27 regulated the 
running speeds (3.8 and 3.3-4.0 m/s, respectively), 
while this study permitted self-selected running 
speeds (4.5 ± 0.4 m/s). Furthermore, Garcia-Perez 
et al27 used a robust insole system with additional 
equipment, such as ankle and waist units, straps, 
and cables, which likely affected running mechan-
ics.28 Additionally, Kluitenberg et al18 and Willy et 
al12 found no significant differences in stance dura-
tion, but these differences may be due to testing on 
a short runway (17.5-m and 25-m, respectively) and 
intratrial variability in running speeds. Kluitenberg 
et al18 calculated running speed based on a short, 2.5-
meter time, compared to a 50-meter time measured 
in this study. Willy et al12 allowed for 3% variability 
in running speed between overground and treadmill 
conditions, while this study standardized the exact 
speed. Lastly, for all studies analyzing overground 
running with a force plate, a “targeting effect” could 
have significantly altered the subjects’ mechanics of 
a natural, steady state step while stepping over the 
force plate. Thus, differences in methodology may 
have led to divergent results. 

Nonetheless, most of the results from aforemen-
tioned studies suggest that treadmill running 
alters spatiotemporal factors when compared to 
overground running.12,19,20,27 One reason for this 
could be error in treadmill running speed calibra-
tion. Anecdotally, the majority of subjects in this 
study expressed that the treadmill running speed, 
though converted from a reliable overground run-
ning time, felt significantly faster. These comments 
are similar to those reported by Rozumalski et al,22 
who discussed unanimous complaints that the over-
ground-matched speeds were too fast when run-
ning on the treadmill. Kong et al29 also found that 
subjects ran 27.1% slower on treadmill than over-
ground, when asked to match their preferred speed 
between the two conditions. Biomechanically, run-
ning speed is increased by increasing step rate and 
step length. The collegiate runners in this study con-
sistently adapted to the “faster” treadmill speeds by 

strides per minute) was nearly fifty percent greater. 
The difference may be associated with running 
speed. Subjects in this study ran approximately 0.7 
m/s faster (4.5 m/s vs 3.8 m/s) than the subjects 
examined by Riley et al,19 thus it is plausible that 
the increased running speed would lead to greater 
increases in cadence.

Contrary to results in this study, other authors 
reported disparate associations between running 
conditions. Hong et al20 found that in 16 male col-
legiate runners, treadmill running stance duration 

Figure 3. Means of each individual runner during the three 
running conditions, including (a) cadence, (b) stance dura-
tion, and (c) swing duration.
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overground and treadmill running comparisons to 
be incomplete and continue exploring research to 
seek best practice.

Limitations
These results are generated from a small sample size. 
Data from two of 23 subjects were excluded from 
the study, which may have impacted the results. 
Data from male and female runners were not dif-
ferentiated and could be explored in future research. 
Additionally, the direct effect of insole devices on 
running mechanics is still under investigation. The 
Moticon sensor insoles used in this study comprised 
a minimalist system (only the insoles), fitting five 
insole sizes to a range of shoe sizes. Thus, the insole 
design and shoe-fit compatibility may have impacted 
running technique, but the questionnaire responses 
suggest that the insoles created minimal discomfort 
or alteration of running technique (Table 2). In order 
to reduce the bulk, however, the current Moticon 
sensor insole system is limited by the low number 
of pressure capacitors (13) and sampling frequency 
(50 Hz), which may affect data processing.26 Future 
advancements in technology, allowing for a larger 
quantity of capacitors and higher sampling fre-
quency, will permit more accurate measurements 
in order to better analyze running. The study used 
a fixed design of running overground, followed by 
running on a treadmill, so the impact of sequenc-
ing cannot be overlooked. Finally, the subjects were 
experienced, collegiate runners, which may suggest 
altered treadmill accommodation strategies leading 
to different effects on spatiotemporal running fac-
tors. Therefore, these results must be interpreted 
with caution when generalizing to novice and/or 
recreational runners.

CONCLUSION
The results of the current study suggest that in col-
legiate runners, overground and treadmill running 
differ in some spatiotemporal comparisons. There-
fore, clinicians and researchers should use caution 
when extrapolating data between overground and 
treadmill running conditions. 
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